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ABSTRACT
Context. Accurate fundamental parameters of stars are essential for the asteroseismic analysis of data from the NASA Kepler mission.
Aims. We aim at determining accurate atmospheric parameters and the abundance pattern for a sample of 82 red giants that are targets
for the Kepler mission.
Methods. We have used high-resolution, high signal-to-noise spectra from three different spectrographs. We used the iterative spectral
synthesis method VWA to derive the fundamental parameters from carefully selected high-quality iron lines. After determination of
the fundamental parameters, abundances of 13 elements were measured using equivalent widths of the spectral lines.
Results. We identify discrepancies in log g and [Fe/H], compared to the parameters based on photometric indices in the Kepler Input
Catalogue (larger than 2.0 dex for log g and [Fe/H] for individual stars). The Teff found from spectroscopy and photometry shows
good agreement within the uncertainties. We find good agreement between the spectroscopic log g and the log g derived from astero-
seismology. Also, we see indications of a potential metallicity effect on the stellar oscillations.
Conclusions. We have determined the fundamental parameters and element abundances of 82 red giants. The large discrepancies
between the spectroscopic log g and [Fe/H] and values in the Kepler Input Catalogue emphasize the need for further detailed spectro-
scopic follow-up of the Kepler targets in order to produce reliable results from the asteroseismic analysis.
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1. Introduction
Since 2009 the NASA Kepler mission has continuously been
measuring the flux for thousands of stars within the same field
on the sky. Although the main objective of the mission is the de-
tection of extra-solar planets, the high-precision lightcurves are
excellent data for asteroseismic investigations. In particular, the
study of oscillating red giants has taken a huge leap forward.
Before the launch of Kepler and CoRoT only a handful of giants
were known to oscillate. This number has now increased to more
than 10,000 (Hekker et al. 2011c). Already several important re-
sults have emerged, most noticeably the ability to distinguish be-
tween red giant branch (RGB) and clump giants (Bedding et al.
2011).
To obtain robust results from the analysis and interpretation
of the oscillation data provided by Kepler, accurate fundamental
Send offprint requests to: A. O. Thygesen
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parameters of the targets are needed as previously discussed by
Brown et al. (1994); Basu et al. (2010); Hekker et al. (2011a).
The Kepler Input Catalogue (KIC, Brown et al. 2011) pro-
vides values for the effective temperature, Teff, surface gravity,
log g, and iron abundance, [Fe/H], derived from photometric in-
dices. This has so far been the only source for the fundamental
parameters of the target stars. These parameters have previously
been shown to be inaccurate by Molenda- ˙Zakowicz et al. (2010),
who investigated more than 100 main-sequence and giant stars
in the Kepler field. Their result was confirmed for an additional
small sample of Kepler red giants in Bruntt et al. (2011), here-
after Paper I. Also, Bruntt et al. (2012) identify serious metallic-
ity discrepancies in a sample of 93 solar-type stars.
In this paper we present results for a large sample of red gi-
ants observed with high-resolution spectrographs. We focused
the observations on stars with a large range in metallicity, from
the bottom to the top of the giant branch including both shell
hydrogen-burning and core helium-burning stars. From the spec-
tra we obtain accurate fundamental parameters as well as abun-
dances for several elements. These are needed in order to put
strong constraints on the stellar models. We also tried to find
stellar twins with similar asteroseismic parameters, but different
metallicities.
1
A. O. Thygesen et al.: Atmospheric parameters of red giants
2. Target selection
The targets were selected using KIC and the asteroseismic data
available from the Kepler satellite. We used the large frequency
separation, ∆ν, which is proportional to the mean density, ρ,
of the star, (∆ν ∝ ρ1/2), and the frequency of maximum oscil-
lation power, νmax, determined from the power spectra of the
lightcurves, when these parameters were known at the time of
the selection.
In this selection process, we were hampered by the fact that
we had to use effective temperatures from the KIC. However, as
shown in Paper I the effective temperatures found in the KIC are
in reasonable agreement with the spectroscopic values, at least
for targets with [Fe/H] > −1.0 dex, so to first order the identifica-
tion should be reliable. Also, it was difficult to get values for stars
with a low ∆ν, since only observations from quarters Q0-2 of the
Kepler mission were used for the stellar twin identification, re-
sulting in few low-∆ν twins. These quarters had durations of 10
days (Q0), a short quarter of 34 days (Q1) and one full quarter
of 90 days of observations (Q2). Most of our targets have been
observed by Kepler in it’s long cadence mode (29.4 min inte-
gration times). This is short enough to properly sample the os-
cillations in the giants as they oscillate at very low frequencies,
well below the Nyquist frequency for the long cadence observa-
tions (νNy = 283 µHz). We also selected a few sub-giants which
oscillate at higher frequencies and hence require short cadence
observations (∼1 min integration times).
A number of targets were also chosen entirely because they
had extreme metallicities according to the KIC ([Fe/H]< −0.8
and [Fe/H]> 0.3).
All targets were chosen to have a V-magnitude < 12 in order
to get the desired signal-to-noise (S/N ≥ 80) in the spectra for
the spectroscopic analysis.
3. Observations
Three different telescopes equipped with high-resolution echelle
spectrographs were used to obtain the data. On the 2.56-m
Nordic Optical Telescope (NOT) we used the FIbre-fed Echelle
Spectrograph (FIES), covering the spectral range from 370-
730 nm, using the high-resolution mode (R = 67.000). We
also aquired data from the 3.6-m Canadian-French-Hawaiian
Telescope (CFHT) and 2.0-m Telescope Bernard Lyot (TBL),
using the ESPaDOnS (CFHT) and NARVAL (TBL) spectro-
graphs. These instruments provide a more extended wavelength
coverage than FIES, covering the range 370-1050 nm with reso-
lutions R = 80.000 (ESPaDOnS) and R = 75.000 (NARVAL).
The observations using CFHT and TBL were both carried
out in service mode from May to September 2010, as a part of
two larger programs for Kepler follow-up. The targets observed
with CFHT and TBL were among the brightest giants in the sam-
ple and had exposure times ≤ 15 min. The NOT observations
were performed in July 2010. Exposure times varied according
to the brightness of the targets, from a few minutes to 1.5 hours.
Could the desired S/N not be reached within a 30 minute ex-
posure, the observations were split into multiple exposures of
a maximum length of 30 minutes each. This was done to avoid
problems with cosmic rays hitting the CCD. The individual spec-
tra were merged after the data reduction to increase the S/N.
Calibration images for all spectrographs were obtained as
standard procedure in the beginning of each observing night.
They consist of 1 Thorium-Argon (ThAr), 7 bias and 21 halo-
gen flat exposures in the case of FIES and 1 ThAr, 3 bias and
40 flats for NARVAL and ESPaDOnS. Further, all science expo-
sures using FIES were bracketed with a ThAr exposure to ensure
accurate wavelength calibration in the reduction process. The
observations and instruments used are summarized in Table 1.
The reduction of the CFHT and TBL observations were
performed as part of the service program, using the ESpRIT
pipeline (Donati et al. 1997). The FIEStool1 pipeline was used
for the reduction of the NOT observations. Both pipelines per-
form the standard tasks involved in the reduction of echelle spec-
tra; bias substraction, order identification, substraction of scat-
tered light, flat fielding, wavelength calibration and extraction of
the spectral orders.
4. Spectroscopic analysis
The high-resolution spectra were used to determine Teff , log g,
microturbulent velocity (ξt) and abundances for several ele-
ments. We used the semi-automatic software package, VWA2
(Bruntt et al. 2004, 2008, 2010) for the analysis. Neutral and
singly-ionized iron lines (Fe I and Fe II) in the wavelength range
4500Å to 7000Å for the NOT and 4000Å to 8800Å for CFHT
and TBL were used to derive the atmospheric parameters. This
was done by removing any correlation between the abundances
of Fe I, excitation potential (EP), and equivalent width (EW)
of the spectral lines. In the initial analysis, agreement between
the Fe I and Fe II abundance was required in order to determine
log g. The method is described in greater detail in Paper I.
In general we used lines with 0 <EW< 150 mÅ as the weak
lines are the most sensitive to changes in the fundamental pa-
rameters. For the brightest of our targets a larger number of lines
were of good quality due to the high S/N so here the analysis
was restricted to lines with EW< 90 mÅ.
It is essential to use as many of the same lines as possible for
every star, because the value of the fundamental parameters de-
rived from EW measurements can be sensitive to the particular
choice of lines. We therefore compiled a list of lines present in
at least 70 % of the targets analysed in Paper I and used this as
input for the analysis presented here. However, since we delib-
erately selected a wide range in metallicities, one would expect
large star-to-star differences in the number of lines that could
be used for the analysis. All spectra were therefore inspected in
detail and additional lines added when appropriate. This mainly
consisted of non-blended iron lines, as these are preferred for
the fundamental parameter determination, but also non-blended
lines of other elements were selected (around 30-40 lines per
star). In a typical analysis some 400 lines of different elements
were used, of which around 130 were iron lines. The iron lines
were used to determine the fundamental parameters. The re-
maining lines were only used to derive abundances.
4.1. The new oscillator strength correction
When analysing the solar spectrum using MARCS atmosphere
models (Gustafsson et al. 2008) as done in this work, we found
that there is a positive correlation between the iron abundances
and the EP, suggesting a higher Teff for the solar atmosphere.
However, as the solar Teff = 5777 ± 10 K is well determined
(Smalley 2005), this indicates a problem with the abundances
derived from the lines. This is most likely due to a problem
with either the oscillator strengths of the lines (log-g f ) or with
the assumptions in the 1D LTE models used (see Lobel 2011
1 http://www.not.iac.es/instruments/fies/fiestool/FIEStool.html
2 Available from https://sites.google.com/site/vikingpowersoftware/
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Table 1. Summary of the observations and instruments used.
Telescope Aperture Instrument CCD Resolution Coverage No. of targets S/N
NOT 2.56m FIES E2V 2k × 2k 67.000 370−730 nm 62 80-100
CFHT 3.60m ESPaDOnS E2V 2k × 4.5k 80.000 370−1050 nm 15 ≈ 200
TBL 2.00m NARVAL E2V 2k × 4.5k 75.000 370−1050 nm 5 ≈ 200
for a discussion of corrections). The log-g f values used here
are all taken from the Vienna Atomic Line Database (VALD,
Kupka et al. 1999). To remedy the apparent problem with the
oscillator strengths, a list of corrections to the log-g f values for
a large number of lines has been calculated.
We found that using only lines for which a log-g f correc-
tion exists, greatly reduced the scatter of the abundances when
analysing stars other than the Sun (see Bruntt et al. 2008 for
an illustration), even when there were significant differences in
the thermal structure of the line formation regions, compared to
the Sun. Here we use a new set of corrections, calculated for
more than 1200 lines (Bruntt et al. 2012), based on the Fourier
Transform Spectrometer Kitt Peak Solar Flux Atlas. This greatly
increased the number of useful lines, especially lines with low
EP, compared to the analysis in Paper I.
Before applying these corrections to our targets, they were
tested on a spectrum of the Sun. We used a solar spectrum ob-
tained with FIES from a day-time blue-sky exposure. The re-
duced spectrum was treated in exactly the same way as all other
targets, albeit with a much higher S/N. After applying the log-
g f corrections, the analysis yielded Teff = 5777 ± 20 K, log g
= 4.45±0.03 dex and [Fe/H] = 0.00±0.05 dex showing that our
corrections are reliable. We used 220 iron lines for the analysis
of the solar spectrum. The uncertainties quoted are the internal
precision in VWA, and should not be taken as absolute uncer-
tainties that will indeed be larger.
One small disadvantage of only using log-g f -corrected lines
is that only lines that are in common between the giants and the
Sun are used in the analysis. As giants display a large number
of lines, many of which are being well-fitted by the software, a
number of otherwise well-suited lines are therefore being dis-
carded as they are not present in the Sun. But this is compen-
sated by the reduction of both the uncertainties and scatter of the
abundances derived from the individual lines.
For consistency we re-analysed the targets that were pre-
sented in Paper I, with our new set of log-g f corrections. This
resulted in slightly different values for the parameters (Teff, log g,
[Fe/H]) as well as a reduction of their uncertainties.
4.2. Determining macroturbulent and rotational velocity
In order to determine the macroturbulent velocity and line-of-
sight rotational velocity, v sin i, synthetic line profiles were cal-
culated for isolated, weak lines over the entire wavelength range.
Line profiles were typically calculated for 20 different regions
for each spectrum. The two parameters were adjusted until a sat-
isfactory match between the observed and synthetic line profile
was achieved. This was determined by inspecting the residuals
by eye. An average of the macroturbulent velocity and v sin i
found at different wavelength ranges were used as the best es-
timates. We note that for giants it is hard to distinguish be-
tween line broadening from rotation and macroturbulence; hence
a more appropriate description would be a total macroscopic
broadening, including both effects. But due to the analysis soft-
ware the two parameters had to be separated.
5. Results from spectroscopic analysis
In this section we present the results obtained from the spectro-
scopic analysis as well as comparisons with the parameters from
asteroseismology and the KIC.
5.1. Comparison stars
To test the reliability of our analysis, we re-analysed the six
bright giants, also reported in Paper I, as well as an additional
four bright giants. All ten stars have been analysed several times
in the literature and are thought to have well-determined param-
eters. Nine of the stars were chosen from the PASTEL catalogue
of Soubiran et al. (2010), with the last one, HD205512, chosen
from Luck & Heiter (2007). The four new stars are located in the
vicinity of the Kepler field. The comparison values were chosen
from the most recent analysis that provided values for all three
parameters (Teff, log g, [Fe/H]). We only picked results where a
spectroscopic analysis had been performed. The result for these
stars are presented in Table 2 and the residuals are shown in
Fig. 1, with the four new stars shown in red. It is evident from the
plots that there is some scatter present between the values from
the literature and the values determined by our analysis. One
would expect some disagreement between the different meth-
ods as indeed observed. That we on average find a larger [Fe/H]
compared to the literature can be explained by the higher Teff
also found in our analysis, which affects the derived abundances.
We use the mean offset as a measure of the ’systematic uncer-
tainty’ present in our analysis and add ∆Teff, ∆log g and ∆[Fe/H]
quadratically to the internal uncertainties in VWA. Fundamental
parameters for α Boo (Arcturus), which is the coolest star in
our comparison sample, are also available from asteroseismol-
ogy (Kallinger et al. 2010b), who found Teff = 4290 K and log g
= 1.45 dex, showing good agreement with the spectroscopic Teff
and with a log g-value roughly half way between our result and
the literature value.
5.2. Radial velocity measurements
To identify potential Population II targets in our sample we mea-
sured the radial velocities (RV) using a cross-correlation (CCF)
approach. For each target we calculated the CCF between the
observed spectrum and a template spectrum at laboratory wave-
lengths. The template used for each star was chosen as one of
three different templates, corresponding to low-, solar- and high-
metallicity targets ([Fe/H] = −2.0, 0.0 and 1.0 dex respectively).
Individual CCF’s were calculated for each spectral order, span-
ning the same wavelength range as for the abundance analy-
sis. This method provided 40 CCF’s for each observed spec-
trum that were combined into a total CCF for each target using
the maximum-likelihood approach described in detail by Zucker
(2003). The combined CCF was fitted with a Gaussian to derive
the RV’s. Uncertainties on the measurements were estimated as
σRV = (FWHM/
√
Nccf − 1) where FWHM is the full width at
half maximum of the Gaussian and Nccf is the number of CCF’s
used in the combined cross-correlation. Finally we corrected the
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Table 2. Values of spectroscopic parameters for 10 bright giants determined from VWA and the literature. Uncertainties on the
VWA results are the internal precision only. Uncertainties on the PASTEL values are 80 K on Teff, 0.1 dex on log g and 0.1 dex on
[Fe/H]. Uncertainties on the Luck & Heiter result are 100 K on Teff, 0.1 dex on log g and 0.1 dex on [Fe/H].
VWA Lit.
ID Teff log g [Fe/H] Teff log g [Fe/H] Reference
α Mon 4850±32 2.60±0.08 0.05±0.06 4851 2.74 −0.02 PASTEL
µ Leo 4525±63 2.70±0.15 0.44±0.13 4565 2.90 0.29 PASTEL
α Boo 4330±33 1.30±0.12 −0.56±0.07 4230 1.65 −0.63 PASTEL
µ Peg 5100±41 2.90±0.10 0.06±0.07 5087 3.05 0.03 PASTEL
ψ UMa 4600±22 1.95±0.08 0.03±0.08 4655 2.55 −0.14 PASTEL
λ Peg 4930±74 2.40±0.11 −0.06±0.06 4650 2.00 −0.26 PASTEL
HD091190 5030±21 2.75±0.15 0.07±0.06 4890 3.07 −0.15 PASTEL
HD186675 5050±26 2.80±0.09 0.02±0.07 5050 2.85 −0.02 PASTEL
HD197989 4860±23 2.60±0.07 −0.07±0.05 4843 2.78 −0.11 PASTEL
HD205512 4810±23 2.50±0.08 0.11±0.05 4753 2.53 0.01 (Luck & Heiter 2007)
Fig. 1. Comparison of the parameter values determined from
VWA and literature values for 10 bright giants with well-
determined parameters. All results are the re-determined values
from this work. The four comparison stars added to the sample
from Paper I are marked in red. The triangle indicates the aster-
oseismic values for α Boo.
measurements for barycentric motion. We identify three Pop.
II stars in our sample. KIC 5698156 and 8017159 we clas-
sify as Pop. II based on their metallicities and radial velocities
([Fe/H]= −1.33 dex, RV = −381.2 km s−1 and [Fe/H]= −1.95
dex, RV = −357.4 km s−1 respectively). KIC 8017159 was al-
ready reported as a Pop. II star in Paper I. KIC 7693833 is iden-
tified as a Pop. II star, solely based on the very low metallicity
we find for this star ([Fe/H] = −2.23 dex).
5.3. Fundamental parameters from spectroscopy
The fundamental parameters for all targets in our sample are pre-
sented in Table A.1. We list the KIC values as well as parame-
ters determined from asteroseismology, using either the scaling
relations of White et al. (2011) or the method of Kallinger et al.
(2010a). A comparison between the two methods gives a mean
difference of 0.03 dex on log g, which is negligible compared to
the typical uncertainty of 0.2 dex from a purely spectroscopic
analysis.
As illustrated in Fig. 2 the temperatures derived from spec-
troscopy show reasonable agreement with the ones quoted in the
KIC, agreeing within the KIC uncertainty of ±200 K. The KIC
Teff appears to be systematically lower when moving towards
the hotter stars in our sample, as indicated by the linear fit. A
similar trend is seen for the [Fe/H] values, with the KIC val-
ues being systematically lower for lower Teff. The discrepancies
of the log g values are more evenly scattered around a negligi-
ble offset of 0.003 dex. The scatter of both [Fe/H] and log g is
large as seen in the figure, but taking the KIC uncertainty of ±0.5
dex on log g into account the agreement is reasonable, except a
few outliers. There are no uncertainty quoted in the KIC on the
[Fe/H] for giants (Brown et al. 2011), but it is expected to be
large. Furthermore we find very large discrepancies for individ-
ual stars of more than 2.0 dex in both log g and [Fe/H], which
stresses the need for detailed spectroscopic follow-up of Kepler
targets. These extreme outliers in log g can likely be explained
by a misclassification of the stars in the photometric analysis
done for the KIC. As discussed by Brown et al. (2011), subgiants
can be misclassified as dwarf stars in the KIC, thus leading to
wrong estimates for the surface gravity. We note that 10 of the
stars in our sample do not have any values in the KIC. Below we
give the coefficients on the linear fits shown in Fig. 2. We note
that the offset and RMS-scatter given in the figure is calculated
with respect to the linear fits:
∆Teff = 0.22Teff − 1013 (1)
∆ log(g) = 3.60 × 10−4Teff − 2.02 (2)
∆[Fe/H] = 8.27 × 10−4Teff − 3.83. (3)
5.4. Utilizing the asteroseismic log g
Determining log g from spectroscopy is difficult because a
change in Teff affects how the derived Fe I-abundances depend
on lines with different EP, and changes in log g and Teff strongly
affect the ionization equilibrium of Fe I and Fe II. This can re-
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Fig. 2. Comparison between parameters determined by VWA
and the values found in the KIC. The Pop. II stars in our sample
are marked with red circles. The devations and RMS-scatter are
calculated with respect to the linear fits shown as solid lines. The
dashed blue lines indicate the RMS-scatter.
sult in a strong correlation between log g and Teff in the spectro-
scopic analysis. The asteroseismic log g should be a more precise
and robust measure of the surface gravity as the asteroseismic
log g only depends on the gross properties of the star (Gai et al.
2011). We use the method of Kallinger et al. (2010a) to deter-
mine the fundamental parameters for 60 stars from the Kepler
observations. For an additional 21 stars we found fundamen-
tal parameters using the scaling relations of White et al. (2011).
We were unable to derive asteroseismic parameters of one giant,
KIC 9574235, as it oscillates at such a low frequency that an
analysis requires a longer timeseries than is currently available.
In Fig. 3 we compare for 81 giants the spectroscopic param-
eters to the parameters derived from the asteroseismic analysis.
In the top panel we compare the Teff’s determined from the two
methods. A large scatter of the points is observed and we find
a mean deviation of 123 ± 163 K. The scatter of the points is
too large to reliably determine if any trends are present, but
the Teff’s derived from the model grid used by Kallinger et al.
(2010a) tends to obtain lower values compared to the spectro-
scopic results. In the bottom panel of Fig. 3 we compare the log g
determination from the two methods. Good agreement is ob-
served between the asteroseismic and spectroscopic log g, with
the spectroscopic and asteroseismic log g agreeing within 1σ in
more than half the cases. The mean deviation is found to be
−0.05 ± 0.30 dex.
We see discrepancies in log g that correlates with the temper-
ature which likely originates from using ionization equilibrium
of Fe I and Fe II to determine the spectroscopic log g. At the tem-
perature and gravity ranges considered here, one would expect
non-local thermodynamic equilibrium (NLTE) effects to influ-
ence the Fe I abundances. Neglecting NLTE effects will lead to
an underestimation of the abundance of Fe I, because the model
Fe I lines become stronger when NLTE is not taken into account.
This will in turn be reflected in the discrepancy between log g
derived from asteroseismology and spectroscopy. An illustration
of this is seen in Fig. 4 where we have fixed log g at the as-
teroseismic values in our spectroscopic analysis. This produces
a disagreement between the Fe I and Fe II abundance that cor-
relates with the temperature as well as with log g. This effect
increases with decreasing log g. The linear fits in Fig. 4 merely
serve as indication of systematic trends in the abundance dif-
ferences and should not be used to calibrate NLTE effects. As
shown by Mashonkina (2011) the NLTE corrections can vary by
as much as 0.16 dex between different iron lines in the same
model, so this has to be treated on a line-by-line basis. Although
the NLTE corrections from Mashonkina (2011) are for a differ-
ent parameter space than in this work, the effects of NLTE are
expected to increase for the giants.
Another explanation for this disagreement could be that
some of the giants have as few as three Fe II lines, which could
produce a less robust determination of log g from the ionization
equilibrium. However, inspecting Fig. 5 after removing one out-
lier, which was also an outlier in Fig. 4, there is no compelling
evidence that the number of lines has any significant influence
on the discrepancy between the two iron species. For these rea-
sons we adopt the asteroseismic log g value when determining
fundamental parameters. No NLTE departures are expected for
Fe II at these values of log g and Teff, so we adopt the Fe II abun-
dance as the best measure for [Fe/H] (L. Mashonkina, 2011, priv.
communication).
With the log g fixed at the asteroseismic value we adjusted
the Teff and microturbulence to remove EP and EW correlations.
The values of Teff and microturbulence determined this way are
used for the remainder of this paper.
One extreme outlier between the log g derived from spec-
troscopy and asteroseismology is the giant KIC 4070746. This
star shows up as an outlier both in comparison with the KIC as
well as with asteroseismic results. While a comparison of the
spectrum of KIC 4070746 with the spectrum of a similar star in
terms of Teff and [Fe/H] suggests that the spectroscopic value
of log g is reliable, the power spectrum shows clear power ex-
cess around 190 µHz, consistent with the log g-value determined
from asteroseismology. We note that this target has the lowest
S/N spectrum of all stars in our sample (≤ 70) and very few
useful iron lines. This, combined with the difficulty of proper
continuum determination in the observed spectrum, can affect
the spectroscopic parameter determination. We thus adopt the
asteroseismic log g-value for this star as well.
5.5. Photometric calibration of Teff
We used the spectroscopic Teff to test the calibration of the tem-
perature scale by Bruntt et al. (2012), which is valid for main-
sequence and sub-giant stars. The calibration is based on the
photometric index (VT − KS ), where VT is the TYCHO V-
magnitude and KS is the K-magnitude from the 2MASS photom-
etry. This index has previously been shown by Casagrande et al.
(2010) to be a very good indicator of Teff . Fig. 6 shows that
the Bruntt calibration fits the giants well. However, interstellar
reddening potentially influences the color index of the stars and
needs to be taken into account. Bruntt et al. (2012) found that
5
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Fig. 3. Comparison between parameters determined by VWA
and from the asteroseismic analysis. The Pop. II stars in our
sample are marked with red circles. The mean deviations and
RMS-scatter are shown in the figure. The blue line indicate a
linear fit to the deviation in log g with the dashed lines indicat-
ing the RMS-scatter of the fit. For clarity, one strong outlier in
∆log g is not shown in the plot.
Fig. 4. [Fe II/Fe I] vs. Teff (left) and log g (right) for our analysis
with log g fixed at the asteroseismic value. The discrepancy cor-
relates with both Teff and log g, increasing towards lower log g.
One outlier is shown in red.
interstellar reddening was negligible for the main-sequence stars
investigated in their work. The same was also reported from
standard photometric observations by Molenda- ˙Zakowicz et al.
(2009). However, reddening is expected to play a more signifi-
cant role for the giants.
In order to investigate this, we measured EW’s for the inter-
stellar Na D1 line in 19 giants where this line could be separated
from the stellar Na line. The reddening was estimated using the
calibration of Munari & Zwitter (1997). Significant reddening is
found for most of the giants where this analysis could be per-
formed, reaching as high as E(B − V) = 0.27. The reddening
was transformed to the (VT −KS ) index using the transformation
of Ramı´rez & Mele´ndez (2005).
Fig. 5. Absolute value of the abundance difference [Fe I/H]-
[Fe II/H]=[Fe II/Fe I] vs. number of Fe II lines used in the anal-
ysis. Removing one outlier (red), there is no obvious correlation
between the difference and the number of lines used in the anal-
ysis.
Of the 19 targets where reddening could be measured, six
targets were excluded from the photometric calibration because
they were too faint (VT ≥ 12) making the photometry unreliable
(Høg et al. 2000). In Fig. 6, open symbols are used for targets
without reddening corrections and the filled circles for the 13 tar-
gets where we measured the reddening. The general agreement
between the spectroscopic temperatures and the calibration of
Bruntt et al. (2012) as well as the calibration of Casagrande et al.
(2010) appears to be good, but might worsen if reddening cor-
rections are taken into account, which will potentially shift the
photometric index by a non-negligible amount. Without knowl-
edge about the reddening for a larger sample of the giants we
cannot draw a clear conclusion about the validity of either tem-
perature calibration. We plan to collect multi-color photometry
to address the reddening problem for the remaining stars in our
sample.
5.6. Calibration of microturbulence
Bruntt et al. (2012) provided a calibration of the microturbu-
lence based on log g and Teff for a large sample of main-sequence
and subgiant stars. We have tested the calibration on our sample
of stars, but find that for the giants the fitting coefficients need
to be adjusted. We found that the following calibration gave the
lowest residual:
ξt/km s−1 = 0.871 − 2.42 × 10−4(Teff − 5700)
−2.77 × 10−7(Teff − 5700)2
−0.356 × (log g − 4.0). (4)
This calibration gives an RMS-scatter of the residuals of 0.12
km s−1 which is 30% lower than with the calibration presented
in Bruntt et al. (2012). Taking into account a typical uncertainty
of 80 K on Teff and 0.20 dex on log g, the total uncertainty on the
microturbulence from this calibration is found to be 0.14 km s−1.
In Fig. 7 we plot the stars in our sample in the (log g, Teff)-plane,
overplotted with contours of constant microturbulence, using the
calibration of Eq. 4.
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Fig. 6. The upper panel shows the spectroscopic Teff vs. (VT −
KS ) for the giants in our sample. The filled circles show targets
for which we were able to measure the reddening, whereas the
open triangles have not been corrected for reddening. The solid
red line shows the calibration from in Bruntt et al. (2012) based
on 93 main sequence and sub-giant stars. The dashed blue line
shows the calibration from Casagrande et al. (2010). The two
lower panels show the residuals.
6. The abundance pattern
After the fundamental parameters had been determined using the
iron lines, we derived mean abundances for several other ele-
ments. The abundances for all targets are presented in Table A.2.
We use the models with the log g fixed at the asteroseismic val-
ues. For one star where no asteroseismic parameters were avail-
able, we used the parameters provided by the standard spectro-
scopic analysis with log g determined from ionization equilib-
rium. All abundances are measured relative to the Sun, using the
Grevesse et al. (2007) values for the solar abundances, because
their work is used as the reference abundances in the MARCS
models as well as for the calculation of the log-g f corrections
used in our spectroscopic analysis.
Carbon and oxygen have been detected in the stars where
NARVAL/ESPaDOnS spectra were available, due to their higher
S/N as well as their more extended wavelength coverage. These
targets all display roughly solar metallicity, so no correlations
with metallicity can be determined from this dataset. As seen
Fig. 7. Diagram of 81 giants with asteroseismic log g in the
(log g, Teff)-plane. Overplotted are contours of constant micro-
turbulence (Eq. 4). The size of the symbols is proportional to the
microturbulence as determined from the spectroscopic analysis.
The microturbulence is in the range [0.9,2.25] km s−1.
in Fig. 8(a), a weak over-abundance of both elements can be
observed, compared to iron. We note that the abundances are
associated with large uncertainties of roughly 0.5 dex, as only 3-
4 atomic lines were available for the abundance determination.
Within these uncertainties the abundances scale with the iron
abundance in the giants. The two very carbon-rich giants are not
significantly different from the rest of the giants with carbon de-
tected, in terms of Teff , log g and [Fe/H]. Even though they dis-
play the largest individual uncertainties (±0.8 dex), inspection
of the spectra shows strong absorption in the C-lines of these
giants, compared to the giants with solar carbon abundance.
In Fig. 8(b) we present results for the α-element abundances.
Si appears overabundant for most targets whereas Ca and Ti
scales roughly with the iron abundance for [Fe/H] ≥ −0.4.
Towards lower metallicities the abundances increase for decreas-
ing metallicity. This is consistent with what is observed by
Bruntt et al. (2012) for the 93 main-sequence stars in their work.
In Fig. 8(c-d) we show the abundances for the iron peak el-
ements, V, Cr, Mn, Co and Ni. Ni scales with the iron abun-
dance whereas V and Co appear overabundant, compared to
Fe. The overabundance of Co can be explained by the pres-
ence of hyperfine splitting of the spectral lines. This is not taken
into account in VWA and leads to an over-estimation of the
abundance. A study of cobalt abundances in 29 red giants by
Boyarchuk et al. (2008) shows that neglecting this effect results
in an average overestimation of the abundance of 0.08 dex. If
this is substracted from the abundances derived by VWA, Co
scales with the Fe abundance, within the uncertainties. However,
the subtraction has not been done for the abundances quoted in
Table A.2 as large star-to-star differences from hyperfine split-
ting are observed in the work of Boyarchuk et al. (2008).
For V the picture is less clear. A study by Puzeras et al.
(2010) of 62 red clump stars also shows vanadium to be over-
abundant by 0.11 ± 0.12 dex whereas a study by Luck & Heiter
(2007) find −0.07 ± 0.20 dex for their sample of giants. From
this, there appear to be no clear trend for giants, but within the
uncertainties, both studies find V to scale with the Fe abundance.
This is also the case for the present analysis.
Cr appears underabundant, relative to Fe, which is a well-
known feature for giants (see for instance Johnson 2002).
Standard spectroscopic analysis (Johnson 2002) also finds a sys-
tematic difference between Cr I and Cr II abundances, but this is
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Fig. 8. [X/Fe] vs. [Fe/H] for all heavy elements measured in the
giants for which we were able to determine an asteroseismic
log g. Fe II has been used as a proxy for the iron abundance.
The errorbars located at [Fe/H] = 0.8 are representative for the
uncertainties on the abundances in each panel.
only observed for three of the 21 giants in our work, where both
species are detected. The Mn abundance is only measured for a
handful of stars, so we cannot make any clear conclusion about
general trends.
Finally in Fig. 8(e), are shown the abundances of Y and Sc,
which are associated with the slow and rapid neutron-capture
process respectively. Both elements appear to scale roughly with
the iron abundance.
7. Influence of metallicity on asteroseismic
properties
In order to facilitate the modeling of the giant stars in this paper,
we have tried to select pairs of stars (twins) with similar param-
eters (Teff, ∆ν, νmax) except for metallicity. The criteria we have
used for selecting these twins was a rather naive idea about how
similar stars could be found.
Twins were identified by calculating the deviation, σtot, be-
tween the large frequency separation, ∆ν, frequency of maxi-
mum power, νmax and the effective temperature, Teff for a target
star (tgt) and a potential twin (tw) in the following way:
σtot =
√(
∆νtgt − ∆νtw
σ(∆νtgt)
)2
+
(
νmax,tgt − νmax,tw
σ(νmax,tgt)
)2
+
(
Teff ,tgt −Teff,tw
σ(Teff ,tgt )
)2
(5)
Here a small σtot would indicate a close twin in terms of Teff and
oscillation parameters, but since we were interested in twins with
different metallicities, we defined an additional ’quality factor’
for the twins in the sample as
Qtw = ∆[Fe/H]
σtot
(6)
where ∆[Fe/H] was the difference in KIC metallicity between
a target star and a potential twin. Hence a large Qtw was taken
as indicating a good target for our investigation. However, this
approach does not take into account that there is a correlation
between [Fe/H] and Teff which limited the selection of twins with
very different metallicities.
To give an idea what the power spectra of sets of twins look
like, we present two sets of twins. The first set consists of two
RGB stars (H burning). The classification is based on the aver-
age period spacing ∆P, of the dipole modes, measured from the
power spectra as described by Bedding et al. (2011). The second
set presents two red clump (RC) stars (He burning) again clas-
sified by the measured average value of ∆P. The parameters for
the stars are summarized in Table 3. The asteroseismic parame-
ters ∆ν and νmax and their uncertainties are derived as the mean
values and the scatter on the results from a number of different
pipelines (see Hekker et al. (2011b) for a discussion). The Teff
and [Fe/H] are from the spectroscopic analysis in this paper and
the mass, M, is obtained from the scaling laws of White et al.
(2011).
It is not the intention here to do a detailed modeling of the
two sets of twins. Instead two figures present the power spectra
of the Kepler timeseries including data up to observing quarter
7 (Q7) corresponding to 494 days of observing. Even though
the twins have similar parameters, the power spectra are noti-
cably different. One star is shown without any frequency scal-
ing. The power spectra for the other star have been rescaled (see
Bedding & Kjeldsen 2010) using a factor close to the ratio be-
tween the large frequency separations ∆ν. We use the ratio from
the ∆ν’s in Table 3 as a first guess, but in order to match the cen-
tral ℓ = 0 modes more accurately, the ratio has to be finetuned
with a precision better than 1%. The scalings applied were 0.978
and 1.024 in Figs. 9 and 10 respectively. The scaling factor de-
termines the mean density ratio of the stars (Bedding & Kjeldsen
2010).
To obtain estimates of the mode degree and frequencies we
applied the Markov Chain Monte Carlo (MCMC) technique by
Handberg & Campante (2011). The modes are marked in Figs. 9
and 10 by different symbols.
The two targets in Fig. 9 have similar power spectra. The
scaling of the power spectrum aligns the ℓ = 0, 2 modes well.
Also, as is evident, there are less mixed modes in the top panel,
where the mixed modes seem to be located within a narrower
frequency range. A detailed analysis is needed to determine if
the differences are due to different masses or metallicities.
The same similarities and discrepancies are present for the
second set of twins (see Fig. 10). The power spectra look very
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Table 3. Parameters for two sets of giant twins. The first set is RGB stars and the last set red clump stars.
KIC # ∆ν [µ]Hz νmax [µ]Hz ∆P [s] Teff [K] M/M⊙ [Fe/H]
3744043 9.86 ± 0.24 110.25 ± 6.09 58 4970 1.21 -0.31
6690139 9.65 ± 0.22 115.33 ± 6.28 49 5020 1.55 -0.13
11444313 3.97 ± 0.14 33.62 ± 2.56 272 4750 1.16 -0.01
11569659 4.09 ± 0.13 31.85 ± 2.58 245 4890 0.95 -0.27
Fig. 9. The power spectra for a set of RGB twins. The main difference between the stars is the metallicity. The position of the ℓ = 0, 2
modes for the bottom spectrum is indicated by vertical lines (dash and dot-dash respectively). Modes fitted with the MCMC code
(see text) are marked by symbols at the top of each spectrum and the meaning of the symbols are displayed at the bottom left corner.
The power spectrum of the star in the top panel has been scaled using the ratio of the ∆ν’s of the two stars.
Fig. 10. Same plot as Fig. 9 for a set of red clump twins.
similar, but even the ℓ = 0 modes can not be made to match by a
simple scaling. Again the ℓ = 1 modes differ and constitute such
a rich set that the identification of modes becomes really difficult
as the ℓ = 1 modes start to overlap with modes of other degrees.
Interestingly, the simultaneous analysis of scaled power
spectra makes it easier to identify more modes as they line up
nicely and modes that one might discard in a single spectrum
now appear to be ’significant’ when they match up with a mode
in a similar spectrum of a similar star as first pointed out by
Bedding & Kjeldsen (2010).
A clear metallicity effect is visible when using the astero-
seismic parameters in combination with spectroscopy (Fig. 11).
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Here we have split the stars in two subsets, based on mass and
their period spacing,∆P. Top panels show stars that belong to the
RGB population. We have removed targets with ∆P > 100 s as
they belong to the RC, following the procedure of Bedding et al.
(2011). Also, all stars with a mass larger than 2 M⊙ have been re-
moved, as we assume they belong to the secondary clump (SC).
The seven stars plotted with filled symbols in the top panels are
confirmed RGB stars, based on their period spacing. We assume
that the remaining targets belong to the RGB as well, as the RC
stars occupy a very narrow range in Teff and ∆ν, although we
cannot strictly rule out that a few RC giants are present in the top
panels. The stars in panels (a) and (c) have been color coded ac-
cording to their metallicity. We use three bins with [Fe/H]< −0.5
(black diamonds), −0.5 ≤ [Fe/H] < 0.0 (red squares) and 0.0 <
[Fe/H] (blue triangles). In Fig. 11(a) it can be seen that the RGB
stars shift to lower values of Teff as the metallicity increases, in
the ∆ν vs. Teff diagram, splitting into three metallicity branches.
In the bottom panels of Fig. 11 we present the stars in the
sample that could be identified as RC giants, based on their val-
ues of ∆P. In panel (c) it is clear that also the RC stars separate
into three groups. It appears more pronounced because the range
in ∆ν is much smaller in the ∆ν-Teff plane.
By looking at evolutionary tracks we can compare the ob-
servations in Fig. 11 to stellar models. In Fig. 12 we plot evolu-
tionary tracks of different metallicity and mass. In the top panel
we show models with solar metallicity and masses 0.8, 1.0 and
1.2 M⊙, consistent with the mass-range of the giants investigated
here. In the lower panel we show evolutionary tracks for 1 M⊙
with [Fe/H] = −0.35, 0.06 and 0.4 dex. The evolutionary tracks
are taken from the BaSTI database (Cassisi et al. 2006), from
which we calculate ∆ν, using the scaling relations of White et al.
(2011). From the models, the influence of metallicity differences
is expected to be larger than mass differences for the RGB stars.
For RC giants, the effects of metallicity differences and mass
differences should be comparable for the low-mass stars ac-
cording to the evolutionary tracks, but dominated by metallic-
ity differences for masses higher than 1 M⊙. Thus, judging from
Fig. 11(c) the observed separation may as well be related to mass
differences for stars with M < 1.0 M⊙.
In Fig. 11 panels (b) and (d) is shown the RGB and RC giants
color coded according to mass rather than metallicity. It is clear
that the two populations do not show any systematic behaviour
with mass. Thus, we conclude that the systematic behaviour of
both RGB and RC giants in Fig. 11 (a) and (c) is a metallic-
ity effect rather than an effect of different masses. As discussed
above, this is consistent with the evolutionary tracks for RGB
stars, but in contrast to what is expected for the low-mass RC
stars. Detailed modeling will be needed to determine the exact
cause of this, which is beyond the scope of this paper.
This separation in metallicity could potentially open up for a
rough estimation of the metallicity of RC stars based on a com-
bination of asteroseismic and spectroscopic parameters without
a detailed abundance study.
A number of both RGB and RC stars are seen to have very
low masses (< 0.85 M⊙), which may likely be underestimated.
As shown by Miglio (2011) uncertainties on red giant masses
derived from the scaling relations alone, have uncertainties of up
to 15%. Taking this into account does, however, not change the
conclusion that the observed separation in Fig. 11 is dominated
by metallicity. We note that such low masses are also observed
in a fraction of the more than 10,000 public Kepler red giants
(Stello et al., in preparation).
Fig. 12. Top panel: Evolutionary tracks, showing the change in
∆ν for a model of solar metallicity and mass equal 0.8 M⊙
(dotted), 1.0 M⊙ (solid) and 1.2M⊙ (dashed). Lower panel:
Evolutionary tracks of a 1 M⊙ model with [Fe/H] of −0.35 dex
(black), 0.06 dex (red) and 0.4 dex (blue).
8. Conclusions
In this paper we have presented fundamental parameters as well
as detailed abundance analysis of 82 red giants that are targets of
the NASA Kepler mission, and we have identified some effects
of metallicity on the stellar oscillations. The Teff found in the
KIC is in reasonable agreement with the spectroscopic one, but
the KIC Teff appears to be systematically lower than the spec-
troscopic value, when moving towards hotter stars. The values
for log g and [Fe/H] from the KIC are more unreliable for the
giants, than is the case for main-sequence stars, with an RMS-
scatter of 0.67 dex for log g and 0.50 dex for [Fe/H], and we
identify serious individual discrepancies in both parameters, in
the worst cases higher than 2.0 dex. We test a photometric cali-
bration of Teff from the photometric index (VT−KS ), presented in
Bruntt et al. (2012), but information about the reddening of the
giants is needed in order to address the validity of this calibra-
tion. Furthermore, we test a calibration of the microturbulence
for dwarf and sub-giant stars from the same paper, but find that
a different calibration gives a better fit to the observed values of
the giants.
The comparison of spectroscopic and asteroseismic param-
eters indicates that the Teff from the model grid used in the as-
troseismic analysis is underestimated compared to the spectro-
scopic Teff (see Fig. 3). However, this difference can likely be
explained by differences between the model grids used for the
asteroseismic and spectroscopic analyses.
For more than half the stars in our sample, agreement was
found between the asteroseismic and the spectroscopic log g.
The mean offset of −0.05 dex is negligible compared to the
RMS-scatter of 0.30 dex. For lower values of log g disagree-
ment is found between the two methods. We attribute this to
NLTE effects acting in the atmospheres of the giants with low
values of log g (≤ 2.5 dex), resulting in an erroneous log g from
spectroscopy. We have no means of addressing the magnitude
of these effects, but note that an increase of NLTE effects is ex-
pected when moving to lower surface gravities, which is consis-
tent with the general trend we observe.
The abundances of most elements appear to scale roughly
with the iron abundance and we find that [Fe/H] describes the
metallicity of most of the targets analysed here. However, we do
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Fig. 11. Panels (a) and (b) show ∆ν vs. Teff for the giants that could not be identified as clump stars based on ∆P. In panel (a) the stars
have been color-coded according to metallicity. Black diamonds are [Fe/H] < −0.5, red squares are −0.5 ≤ [Fe/H] < 0.0 and blue
triangles 0.0 < [Fe/H]. In panel (b) the stars have been color-coded according to mass. Filled symbols are stars that are confirmed
RGB stars based on ∆P. Panels (c) and (d): Same as top panels, but for the red clump stars, identified from their ∆P-value. The
filled symbols show the one star identified as belonging to the secondary clump. Note the different scalings on the axes in the top
and bottom panels.
observe a trend of increasing α-element abundances when mov-
ing to lower values of [Fe/H], as expected for metal-poor stars.
For detailed modeling of low-metallicity giants, we advice that
individual abundance patterns are measured from spectroscopy
and used in the modeling. We note that the abundances derived
from spectroscopy only measure the abundances present in the
outer layers of the stars and that we have no means of addressing
the He and H abundance in the giants from the available spec-
troscopy.
We identify five very metal-poor giants ([Fe/H] < −1.2 dex)
in our sample, three of which we classify as Population II stars.
These should present interesting targets for a detailed asteroseis-
mic analysis.
We provide parameters for 10 giants for which no values ex-
ist in the KIC. This is important for the the asteroseismic analy-
sis, as few constraints can be put on the asteroseismic models if
the fundamental atmospheric parameters are unknown.
The results presented here will facilitate the asteroseismic
investigations of a modest sample of bright giants in the Kepler
field covering a range of parameters. It shows the need for spec-
troscopic follow-up of the giants that are targets for the Kepler
mission. However, our sample is just a fraction of the more
than 10,000 giants for which oscillations have been detected
(Hekker et al. 2011c, Stello et al., in prep.). These large num-
bers of stars clearly require an automated spectroscopic analysis
method. Our results, based on detailed spectroscopic analyses,
would serve as an excellent benchmark for the developement of
such fully automatic method.
We have identified a potential metallicity effect influencing
the excited oscillation modes, particularly visible for the RC gi-
ants. We observe a separation with metallicity for both RGB and
RC giants in the ∆ν vs. Teff plane. These results call for a more
detailed investigation, which will require both additional Kepler
observations of these stars as well as detailed model calculations
to understand the oscillation behaviour and how that is influ-
enced by different masses and metallicities. It is clear that there
is a lot to be learned from combining ground-based observations
with the asteroseismic parameters that Kepler has provided.
Acknowledgements. AOT acknowledges support from
Sonderforschungsbereich SFB 881 ”The Milky Way System” (subproject
A5) of the German Research Foundation (DFG). SH acknowledges financial
support from the Netherlands Organisation of Scientific Research (NWO).
TK is supported by the FWO-Flanders under project O6260 - G.0728.11.
KB acknowledges support from the Carlsberg Foundation. DS acknowledges
support from the Australian Research Council. The authors would like to
thank the entire Kepler-team for their continued effort to ensure the success
of this mission. This research took advantage of the SIMBAD and VIZIER
databases at the CDS, Strasbourg (France), and NASA’s Astrophysics Data
System Bibliographic Services. Funding for this Discovery mission is provided
by NASA’s Science Mission Directorate.
References
Basu, S., Chaplin, W. J., & Elsworth, Y. 2010, ApJ, 710, 1596
Bedding, T. R. & Kjeldsen, H. 2010, Communications in Asteroseismology, 161,
3
Bedding, T. R., Mosser, B., Huber, D., et al. 2011, Nature, 471, 608
Boyarchuk, A. A., Antipova, L. I., & Pakhomov, Y. V. 2008, Astronomy Reports,
52, 630
Brown, T. M., Christensen-Dalsgaard, J., Weibel-Mihalas, B., & Gilliland, R. L.
1994, ApJ, 427, 1013
Brown, T. M., Latham, D. W., Everett, M. E., & Esquerdo, G. A. 2011, AJ, 142,
112
Bruntt, H., Basu, S., Smalley, B., et al. 2012, MNRAS, 423, 122
Bruntt, H., Bikmaev, I. F., Catala, C., et al. 2004, A&A, 425, 683
Bruntt, H., De Cat, P., & Aerts, C. 2008, A&A, 478, 487
Bruntt, H., Deleuil, M., Fridlund, M., et al. 2010, A&A, 519, A51
Bruntt, H., Frandsen, S., & Thygesen, A. O. 2011, A&A, 528, A121+, (Paper I)
Casagrande, L., Ramı´rez, I., Mele´ndez, J., Bessell, M., & Asplund, M. 2010,
A&A, 512, A54
11
A. O. Thygesen et al.: Atmospheric parameters of red giants
Cassisi, S., Pietrinferni, A., Salaris, M., et al. 2006, Mem. Soc. Astron. Italiana,
77, 71
Donati, J.-F., Semel, M., Carter, B. D., Rees, D. E., & Collier Cameron, A. 1997,
MNRAS, 291, 658
Gai, N., Basu, S., Chaplin, W. J., & Elsworth, Y. 2011, ApJ, 730, 63
Grevesse, N., Asplund, M., & Sauval, A. J. 2007, Space Sci. Rev., 130, 105
Gustafsson, B., Edvardsson, B., Eriksson, K., et al. 2008, A&A, 486, 951
Handberg, R. & Campante, T. L. 2011, A&A, 527, A56
Hekker, S., Basu, S., Stello, D., et al. 2011a, A&A, 530, A100+
Hekker, S., Elsworth, Y., De Ridder, J., et al. 2011b, A&A, 525, A131
Hekker, S., Gilliland, R. L., Elsworth, Y., et al. 2011c, MNRAS, 414, 2594
Høg, E., Fabricius, C., Makarov, V. V., et al. 2000, A&A, 355, L27
Johnson, J. A. 2002, ApJS, 139, 219
Kallinger, T., Mosser, B., Hekker, S., et al. 2010a, A&A, 522, A1
Kallinger, T., Weiss, W. W., Barban, C., et al. 2010b, A&A, 509, A77
Kupka, F., Piskunov, N., Ryabchikova, T. A., Stempels, H. C., & Weiss, W. W.
1999, A&AS, 138, 119
Lobel, A. 2011, Canadian Journal of Physics, 89, 395
Luck, R. E. & Heiter, U. 2007, AJ, 133, 2464
Mashonkina, L. 2011, in Proceedings of the International Conference on
Magnetic Stars, 314–321
Miglio, A. 2011, ArXiv e-prints, 1108.4555
Molenda- ˙Zakowicz, J., Jerzykiewicz, M., & Frasca, A. 2009, Acta Astron., 59,
213
Molenda- ˙Zakowicz, J., Jerzykiewicz, M., Frasca, A., et al. 2010, Astronomische
Nachrichten, 331, 26
Munari, U. & Zwitter, T. 1997, A&A, 318, 269
Puzeras, E., Tautvaisˇiene˙, G., Cohen, J. G., et al. 2010, MNRAS, 408, 1225
Ramı´rez, I. & Mele´ndez, J. 2005, ApJ, 626, 465
Smalley, B. 2005, Memorie della Societa Astronomica Italiana Supplementi, 8,
130
Soubiran, C., Le Campion, J.-F., Cayrel de Strobel, G., & Caillo, A. 2010, A&A,
515, A111+
White, T. R., Bedding, T. R., Stello, D., et al. 2011, ApJ, 743, 161
Zucker, S. 2003, MNRAS, 342, 1291
12
A
.O
.Thyg
esen
et
al
.:A
tm
o
sph
eric
p
aram
eters
of
red
giants
Appendix A: Tables of results from spectroscopic analysis
Table A.1. Fundamental atmospheric parameters for all red giants in our sample.
First, we present the parameters determined from the spectroscopic analysis with
VWA. Uncertainties on Teff , log g, ξt and [Fe/H] are 80 K, 0.2 dex, 0.15 km s−1
and 0.15 dex, respectively. [Fe/H] is given as the mean of the Fe I and Fe II abun-
dances. The uncertainties on the asteroseismic determination of Teff and log g are
100 K and 0.01 dex. For completeness we also show the values found in the KIC.
Last columns are the values determined from VWA by fixing the gravity at the
asteroseismic log g. Here, Fe II is used as the measure of [Fe/H]. Also shown are
v sin i, vmacro and radial velocity, vrad , with associated uncertainties of 1.0 km s−1,
1.0 km s−1 and 0.15 km s−1. In the last column is shown the type of the giant,
being red giant branch (RGB), red clump (RC) or secondary clump (SC) based
on their period spacing.
VWA Asteroseismic KIC VWA + asteroseismic
KIC−ID Teff log g ξt [Fe/H] Teff log g Teff log g [Fe/H] Teff [Fe/H] ξt v sin i vmacro vrad Type
1726211 5010 2.39 1.46 −0.68 4765 2.42 4837 2.68 −0.96 5010 −0.67 1.46 0.5 4.0 −145.8 RC
2425631 4600 1.95 1.35 −0.17 4390 2.25 4413 2.93 −0.82 4600 −0.04 1.35 1.8 1.9 19.1 −
2714397 5000 2.68 1.50 −0.40 4618 2.45 4881 2.52 −0.53 5060 −0.59 1.60 1.5 3.5 −190.5 −
3429205 5100 3.75 1.10 0.09 − 3.48 4841 3.51 −0.67 5050 −0.11 1.10 2.1 2.0 −27.0 −
3430868 5126 3.04 1.53 0.04 4790 2.84 4729 4.58 −2.50 5126 −0.06 1.53 5.1 0.6 5.4 −
3644958 5000 3.30 1.30 −0.17 − 2.96 4826 3.46 −0.74 4970 −0.23 1.30 2.8 2.7 4.8 −
3744043 4970 2.96 1.20 −0.31 4798 2.98 4994 2.50 −0.09 4970 −0.31 1.20 2.5 1.5 −53.9 RGB
3748585 4615 2.40 1.30 0.10 4591 2.58 4738 1.85 0.37 4615 0.25 1.30 2.5 2.1 −5.8 −
3748691 4750 2.45 1.45 0.10 − 2.50 4892 2.18 0.47 4750 0.13 1.45 2.4 2.2 −0.1 RGB
3860139 4480 2.21 1.35 0.09 − 2.22 4589 2.22 0.60 4480 0.10 1.35 4.0 2.5 −25.2 RC
3936921 4510 2.11 1.65 0.03 4585 2.36 4436 2.38 −0.06 4570 0.09 1.75 2.0 5.0 −48.9 RC
3955590 4565 2.75 1.50 0.34 4436 2.23 4537 1.76 0.52 4645 −0.16 1.50 2.1 2.1 −57.2 −
4070746 5070 1.30 1.10 −0.05 4857 3.23 4874 3.62 −0.81 5150 −0.17 1.20 2.2 2.2 −1.6 −
4072740 4875 3.22 1.20 0.15 4895 3.37 4763 3.22 −0.19 4805 0.23 1.10 3.0 2.2 −17.1 −
4157282 4350 1.73 1.27 −0.07 4344 2.09 4344 2.13 −0.78 4350 0.22 1.27 2.0 3.0 −37.4 −
4177025 4270 1.33 1.40 −0.44 − 1.66 4346 2.14 −0.49 4270 −0.24 1.40 4.5 2.0 −123.1 −
4262505 4900 3.00 1.35 −0.16 4796 2.88 4880 2.96 −0.56 4900 −0.20 1.35 2.2 2.8 −14.0 RGB
4283484 5030 2.40 1.60 −0.78 4671 2.42 4924 2.52 −1.70 5030 −0.77 1.60 3.2 2.7 −44.8 −
4480358 4620 2.20 1.30 −0.80 4266 1.85 4374 2.11 −1.05 4620 −0.96 1.30 2.1 1.8 −88.3 −
4659706 4450 2.20 1.40 0.40 − 2.46 4505 2.30 0.55 4450 0.62 1.40 3.1 2.9 −21.8 −
5113061 4150 1.65 1.60 0.16 − 1.54 4281 1.81 0.62 4190 0.01 1.60 2.3 2.3 −4.3 −
5113910 4510 1.70 1.65 −0.33 4250 1.75 4412 2.07 −0.43 4510 −0.31 1.65 3.1 3.1 −12.4 −
5284127 4660 2.40 1.50 0.44 4586 2.46 4718 2.17 0.54 4660 0.45 1.50 3.5 2.8 −73.0 RC
5511423 4370 1.25 1.65 −1.14 − 1.33 4346 1.95 −0.91 4320 −0.96 1.65 1.8 1.9 −87.3 −
5524720 4350 1.80 1.40 0.13 4410 2.23 4474 2.41 0.47 4350 0.38 1.40 3.0 3.1 −32.8 −
5612549 4850 2.50 1.50 −0.31 4784 2.38 4884 2.35 −0.57 4800 −0.33 1.50 3.8 3.4 −3.5 RC
5698156 4730 1.92 1.50 −1.30 4319 1.92 4705 2.06 −0.58 4730 −1.33 1.50 3.9 3.2 −381.2 −
5700368 4850 2.50 1.33 −0.15 4828 2.50 4784 2.48 −0.35 4850 −0.15 1.33 4.5 1.0 −32.2 RC
5701829 4850 3.23 1.03 −0.20 4693 3.08 4623 4.63 −0.48 4880 −0.32 1.11 3.7 1.0 −20.5 −
5709564 4745 2.33 1.50 −0.27 4784 2.37 4752 2.52 −0.06 4745 −0.25 1.50 1.0 4.3 −104.9 RC
5779724 4300 1.35 1.50 −0.44 − 1.68 4423 1.79 −0.04 4240 −0.14 1.50 3.0 3.2 −53.6 −
5792581 4950 2.90 0.90 −0.17 − 2.82 4871 3.81 −0.74 4980 −0.22 0.90 2.4 2.4 5.2 −
5795626 5100 2.77 1.50 −0.69 4713 2.53 4990 2.70 −1.01 5100 −0.80 1.50 3.1 2.9 −89.1 RC
5859492 4770 2.55 1.25 0.38 4814 2.49 4632 2.01 0.37 4800 0.19 1.35 2.0 1.9 −59.4 −13
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Table A.1. Continued.
VWA Asteroseismic KIC VWA + asteroseismic
KIC−ID Teff log g ξt [Fe/H] Teff log g Teff log g [Fe/H] Teff [Fe/H] ξt v sin i vmacro vrad Type
5866965 4155 1.75 1.30 −0.24 − 1.34 4163 1.93 −1.02 4155 −0.52 1.30 3.2 3.1 −64.9 −
5900096 4580 2.35 1.50 0.30 4646 2.44 4539 1.95 0.54 4580 0.33 1.50 2.7 2.5 −44.7 RC
6101376 5100 2.59 1.48 −0.07 5139 2.59 − − − 5100 −0.05 1.48 7.8 0.6 −19.3 −
6125893 4280 1.60 1.50 0.13 4156 1.79 4346 1.92 0.27 4260 0.29 1.50 3.0 2.8 −35.9 −
6465075 4820 2.65 1.35 −0.35 4818 2.87 4667 3.27 −1.18 4770 −0.18 1.35 1.7 2.6 −4.0 −
6547007 4785 2.50 1.40 −0.67 4488 2.50 4757 2.84 −0.59 4785 −0.64 1.40 2.8 3.3 −94.1 −
6579998 5050 2.40 1.50 −0.73 4853 2.45 4969 2.89 −0.69 5070 −0.69 1.50 3.2 3.6 −43.4 RC
6680734 4580 2.15 1.50 −0.43 4393 2.17 4597 2.57 −0.53 4580 −0.38 1.50 1.7 1.6 12.6 −
6690139 5050 3.05 1.25 −0.13 4800 3.00 4950 3.22 −0.60 5020 −0.13 1.25 3.1 3.1 13.5 RGB
6696436 4680 2.50 1.30 −0.20 4469 2.33 4683 2.03 −0.43 4630 −0.26 1.30 3.1 3.0 −13.9 −
6837256 4850 2.60 1.35 −0.63 4576 2.48 4728 2.62 −0.62 4850 −0.65 1.35 1.7 1.4 0.9 −
7006979 4870 2.37 1.40 −0.25 4655 2.46 4891 2.21 −0.01 4870 −0.19 1.40 1.2 4.0 −57.3 RC
7340724 4879 3.05 1.14 0.05 4845 3.05 4867 2.34 −0.11 4879 0.04 1.14 3.9 1.0 −8.2 RGB
7366121 4910 2.69 1.41 −0.05 4872 2.59 − − − 4910 −0.10 1.41 4.2 1.0 −26.0 RC
7693833 4900 1.95 1.70 −2.45 4800 2.46 4848 3.16 −1.45 4880 −2.23 1.70 2.3 2.2 −14.3 RGB
7812552 5070 3.50 0.95 −0.44 4901 3.26 4930 3.35 −0.87 5070 −0.59 1.05 2.5 1.9 16.0 −
7909976 5091 2.80 1.37 0.01 4934 2.80 − − − 5091 0.00 1.37 4.5 0.6 −17.8 RGB
8017159 4625 1.11 1.70 −2.05 − 1.38 4634 2.45 −1.07 4625 −1.95 1.70 3.0 3.0 −375.4 −
8210100 4692 2.57 1.30 0.21 − 2.53 4685 2.36 0.45 4692 0.20 1.30 4.8 1.0 −29.5 RC
8211551 4822 2.48 1.35 −0.20 4905 2.48 4658 2.36 0.45 4822 −0.20 1.35 4.5 1.0 −15.0 −
8476245 4865 1.86 1.75 −1.33 4372 1.96 4817 2.76 −1.20 4865 −1.28 1.70 3.0 3.0 −129.2 −
8491147 5020 2.70 1.40 −0.39 − 2.49 4770 3.34 −1.03 5050 −0.51 1.40 2.7 2.1 7.1 −
8493969 4830 3.00 1.00 −0.16 4652 2.97 4655 3.30 −0.94 4830 −0.20 1.00 1.6 1.3 −9.5 −
8508931 5082 3.01 1.37 0.20 4847 2.71 − − − 5082 −0.02 1.37 4.6 3.2 −43.7 SC
8547390 4810 2.40 1.38 0.11 4804 2.59 4643 4.61 0.12 4780 0.24 1.38 5.2 1.0 −41.0 RC
8813946 4940 2.81 1.30 0.14 4929 2.81 − − − 4940 0.14 1.30 4.8 1.0 −27.5 RC
8873797 4500 1.80 1.75 −0.01 4793 2.41 4747 2.47 0.45 4500 0.32 1.75 3.5 3.4 −28.6 RC
9161068 5120 3.30 1.10 −0.29 4960 3.26 4986 3.12 −0.64 5120 −0.29 1.10 2.1 2.6 21.2 −
9288026 5050 2.50 1.25 −0.35 − 2.42 4855 3.41 −0.74 5050 −0.36 1.25 2.7 2.3 48.7 −
9474021 4080 1.15 1.50 −0.45 − 1.20 4118 2.36 0.37 4080 −0.47 1.50 2.8 2.8 −124.0 −
9532030 4450 1.91 1.26 0.02 4574 2.16 4408 4.59 0.33 4400 0.23 1.26 5.5 1.0 −13.5 −
9574235 4380 0.95 2.25 −1.30 − − 4334 1.74 −1.42 − − − 3.1 3.8 −2.5 −
9705687 5100 2.80 1.40 −0.29 − 2.79 5134 2.69 −0.25 5100 −0.27 1.40 3.5 1.5 4.7 RC
10186608 4725 2.50 1.40 0.03 − 2.43 4850 2.40 0.21 4725 0.00 1.40 2.8 2.6 −11.1 RC
10323222 4676 2.75 1.28 0.17 4571 2.60 − − − 4706 0.06 1.28 4.7 1.0 −22.7 RGB
10403036 4485 1.90 1.35 −0.59 4241 1.92 4388 2.21 −1.39 4505 −0.61 1.35 4.5 2.0 −124.9 −
10404994 4855 2.55 1.33 −0.02 4706 2.54 − − − 4855 −0.05 1.33 2.0 3.2 −0.7 RC
10426854 4955 2.38 1.45 −0.39 − 2.50 4731 2.57 −1.03 4955 −0.37 1.45 4.5 1.5 −45.6 RC
10649021 3960 0.80 1.45 −0.30 − 1.18 4083 1.79 0.54 3790 0.37 1.35 3.6 3.5 −39.1 −
10716853 4898 2.62 1.38 −0.09 4761 2.62 − − − 4898 −0.10 1.38 4.3 1.0 2.3 RC
11045542 4400 1.40 1.50 −0.59 − 1.75 4425 2.12 −0.85 4450 −0.51 1.50 2.4 2.2 17.3 −
11342694 4575 2.60 1.18 0.26 4758 2.82 4603 2.65 0.50 4575 0.38 1.18 2.0 3.5 −19.9 −
11444313 4750 2.40 1.50 −0.02 4822 2.46 4888 2.47 0.17 4750 −0.01 1.50 2.5 2.2 −17.8 RC
11569659 4890 2.45 1.50 −0.27 4680 2.43 5036 2.36 0.06 4890 −0.27 1.50 3.1 3.1 −19.2 RC
11657684 4840 2.00 1.45 −0.32 − 2.44 5066 2.60 0.25 4840 −0.09 1.45 3.4 3.0 14.0 RC
11674677 4973 2.49 1.36 −0.18 4830 2.49 − − − 4973 −0.18 1.36 4.7 1.0 6.3 RC
12455203 5080 2.84 1.30 0.04 4760 2.84 4983 3.14 −0.12 5080 0.03 1.30 4.6 1.0 −10.8 −
12884274 4770 2.60 1.43 0.17 4946 2.60 − − − 4770 0.18 1.43 4.9 3.2 −34.6 RC
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Table A.2. Elemental abundances for all targets where an asteroseismic log g
could be determined. Uncertainties are 0.5 dex for [C/H] and [O/H], 0.15 dex
for [Fe/H] and 0.2 dex for the remaining elements. KIC9574235 has abundances
based on the spectroscopic log g.
KIC-ID [C/H] [O/H] [Si/H] [Ca/H] [Sc/H] [Ti-I/H] [Ti-II/H] [V/H] [Cr-I/H] [Cr-II/H] [Mn/H] [Fe-I/H] [Fe-II/H] [Co/H] [Ni/H] [Y/H]
1726211 − − −0.34 −0.45 −0.36 −0.36 − −0.42 −0.63 − − −0.66 −0.67 − −0.60 −
2425631 − − 0.02 −0.07 − −0.15 −0.23 0.00 −0.26 − − −0.12 −0.03 −0.25 −0.17 −
2714397 − − −0.26 −0.02 −0.35 −0.07 − −0.12 −0.44 − − −0.42 −0.59 − −0.37 −
3429205 − − 0.04 − −0.02 0.04 −0.14 0.12 0.03 − − 0.02 −0.11 0.14 0.05 −0.01
3430868 0.11 0.02 0.06 0.08 − 0.02 0.02 0.10 0.00 −0.01 − 0.03 −0.06 0.08 −0.04 0.02
3644958 − − −0.06 − − −0.21 − −0.17 −0.26 −0.21 − −0.21 −0.23 −0.11 −0.23 −0.22
3744043 − − −0.22 −0.30 −0.21 −0.29 −0.16 −0.27 −0.39 − −0.38 −0.32 −0.31 −0.18 −0.28 −0.32
3748585 − − 0.33 0.09 − 0.06 0.03 0.32 0.09 − − 0.17 0.25 0.34 0.14 −0.04
3748691 − − 0.23 0.04 −0.01 0.01 − 0.04 −0.08 − − 0.11 0.13 0.21 0.06 0.02
3860139 − − 0.38 0.22 − 0.04 − 0.46 −0.07 − − 0.12 0.10 0.30 0.11 −
3936921 − − 0.36 − 0.02 0.02 − 0.16 −0.10 − − 0.03 0.09 0.32 0.06 −
3955590 − − 0.27 − − 0.36 − 0.72 0.26 − − 0.23 −0.16 0.42 0.23 0.03
4070746 − − −0.01 − −0.10 −0.09 − 0.01 −0.15 − − −0.04 −0.17 0.00 −0.12 −
4072740 − 0.30 0.30 0.19 0.19 0.08 0.03 0.14 0.07 0.09 − 0.16 0.23 0.38 0.22 0.07
4157282 − − 0.27 −0.14 − −0.16 − 0.07 −0.34 − − 0.02 0.24 − −0.01 −
4177025 − − 0.04 −0.37 − −0.28 − −0.04 −0.64 − − −0.36 −0.24 − −0.27 −
4262505 − − −0.04 −0.16 − −0.15 − −0.06 −0.27 − − −0.18 −0.18 −0.06 −0.19 −0.19
4283484 − − −0.48 − − −0.62 − −0.69 −0.97 − − −0.79 −0.78 −0.63 −0.81 −0.81
4480358 − − −0.50 −0.64 −0.56 −0.48 −0.76 −0.56 −0.86 − − −0.85 −0.96 −0.55 −0.83 −0.91
4659706 − − 0.78 − − 0.36 − 0.63 0.46 − − 0.47 0.62 0.72 0.59 −
5113061 − − 0.32 − − 0.19 0.05 0.45 0.08 − − 0.11 0.01 − 0.02 −
5113910 − − −0.10 −0.30 − −0.31 −0.34 −0.10 −0.50 − − −0.32 −0.31 −0.03 −0.38 −
5284127 − − 0.60 − − 0.50 − 0.72 0.38 − − 0.45 0.45 0.75 0.51 0.33
5511423 − − −0.64 −0.96 −1.36 −1.03 − −1.15 − − − −1.10 −0.96 − −1.17 −
5524720 − − 0.44 − − 0.19 − 0.34 0.30 − − 0.24 0.38 0.59 0.26 −
5612549 − − −0.16 −0.45 − −0.43 − −0.43 −0.49 − − −0.35 −0.34 −0.25 −0.34 −0.37
5698156 − − −0.82 −1.00 −1.35 −1.03 −0.96 −1.20 −1.42 − − −1.30 −1.30 −1.16 −1.23 −1.11
5700368 0.11 0.12 −0.05 −0.13 −0.13 −0.21 −0.10 −0.16 −0.26 −0.24 −0.26 −0.15 −0.15 −0.10 −0.19 −0.15
5701829 −0.21 −0.04 −0.04 −0.06 −0.06 0.00 −0.05 0.11 −0.21 −0.27 − −0.23 −0.33 −0.06 −0.19 −0.33
5709564 − − 0.07 −0.13 −0.22 −0.07 − −0.05 −0.32 − −0.50 −0.26 −0.26 0.02 −0.19 −
5779724 − − 0.01 −0.27 − −0.37 − −0.37 −0.52 − − −0.35 −0.14 −0.01 −0.29 −
5792581 − − −0.16 −0.06 −0.13 −0.13 −0.22 −0.01 −0.18 − − −0.17 −0.22 −0.11 −0.24 −0.16
5795626 − − −0.41 −0.47 −0.51 −0.39 −0.44 −0.48 −0.74 −0.67 −1.00 −0.71 −0.78 −0.55 −0.71 −0.76
5859492 − − 0.47 0.26 − 0.41 0.10 0.66 0.35 − − 0.30 0.19 0.54 0.30 −
5866965 − − −0.05 −0.09 −0.47 0.03 − 0.17 −0.46 − − −0.36 −0.52 0.36 −0.39 −
5900096 − − 0.60 − − 0.39 − 0.80 0.29 − − 0.32 0.33 − 0.41 0.04
6101376 0.06 0.10 0.01 −0.08 −0.01 −0.18 −0.05 −0.06 −0.20 −0.26 0.00 −0.08 −0.07 −0.17 −0.18 −0.09
6125893 − − 0.43 − − 0.09 − − 0.04 − − 0.22 0.26 − 0.18 −
6465075 − − −0.04 −0.40 − −0.43 − −0.48 −0.58 − − −0.33 −0.18 −0.23 −0.34 −
6547007 − − −0.39 −0.62 −0.58 −0.59 −0.38 −0.60 −0.76 − −0.72 −0.67 −0.67 −0.57 −0.63 −0.69
6579998 − − −0.43 −0.61 −0.56 −0.45 −0.26 −0.56 −0.80 −0.77 −1.20 −0.71 −0.70 −0.54 −0.67 −
6680734 − − −0.11 −0.42 −0.40 −0.43 − −0.33 −0.56 − − −0.42 −0.40 −0.26 −0.43 −0.59
6690139 − − −0.04 −0.05 0.11 −0.08 − −0.18 −0.31 − 0.09 −0.15 −0.14 0.01 −0.14 −
6696436 − − −0.13 −0.25 − −0.13 − −0.03 −0.34 − − −0.23 −0.24 −0.01 −0.22 −
6837256 − − −0.34 −0.34 − −0.34 −0.44 −0.40 −0.66 − − −0.64 −0.65 −0.43 −0.60 −0.60
7006979 − − −0.08 −0.33 −0.23 −0.24 − −0.27 −0.40 − − −0.27 −0.19 −0.18 −0.24 −15
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Table A.2. Continued.
KIC-ID [C/H] [O/H] [Si/H] [Ca/H] [Sc/H] [Ti-I/H] [Ti-II/H] [V/H] [Cr-I/H] [Cr-II/H] [Mn/H] [Fe-I/H] [Fe-II/H] [Co/H] [Ni/H] [Y/H]
7340724 − 0.12 0.16 0.08 0.07 0.03 0.04 0.25 0.00 −0.06 0.30 0.05 0.05 0.18 0.05 0.00
7366121 − 0.00 0.04 −0.02 −0.10 −0.07 −0.06 0.08 −0.12 −0.19 − −0.05 −0.10 0.02 −0.06 −0.07
7693833 − − − −2.09 −2.27 −2.42 − − −2.99 − − −2.48 −2.23 − −2.29 −2.21
7812552 − − −0.28 −0.22 −0.27 −0.17 −0.25 −0.22 −0.40 − − −0.46 −0.59 −0.24 −0.45 −0.52
7909976 0.13 −0.02 0.06 − − −0.03 −0.01 0.03 −0.06 −0.10 − 0.01 0.01 −0.01 −0.07 0.09
8017159 − − −1.37 −1.75 −2.52 −2.03 − − −2.32 − − −1.99 −1.95 − −2.11 −
8210100 − 0.26 0.39 0.13 − 0.12 0.17 0.37 0.08 0.23 − 0.21 0.22 0.41 0.23 0.19
8211551 −0.59 −0.04 −0.06 −0.17 −0.12 −0.21 −0.14 −0.15 −0.37 −0.31 −0.05 −0.20 −0.20 −0.07 −0.18 −0.28
8476245 − − −0.99 −0.93 −1.22 −1.17 − − −1.48 − −1.82 −1.32 −1.30 − −1.34 −
8491147 − − −0.29 −0.17 − −0.28 −0.37 −0.28 −0.39 − − −0.41 −0.51 −0.31 −0.42 −0.51
8493969 − − 0.10 −0.02 − −0.02 − 0.04 −0.16 − − −0.17 −0.19 0.06 −0.18 −
8508931 − −0.10 0.19 0.28 0.24 0.16 0.03 0.31 0.13 −0.05 − 0.16 −0.02 0.19 0.12 0.16
8547390 − 0.27 0.25 0.12 − 0.05 0.10 0.14 0.02 − − 0.14 0.25 0.26 0.13 0.17
8813946 − 0.32 0.24 0.15 0.19 0.05 0.15 0.19 0.07 0.10 − 0.14 0.14 0.28 0.14 0.17
8873797 − − 0.59 − − 0.09 0.30 −0.08 − − − 0.14 0.32 0.44 0.14 −
9161068 − − −0.28 − −0.25 −0.22 −0.33 −0.24 −0.33 − − −0.29 −0.29 −0.26 −0.30 −0.37
9288026 − − −0.29 −0.35 − −0.32 −0.25 −0.36 −0.45 −0.40 −0.35 −0.36 −0.36 −0.27 −0.40 −0.45
9474021 − − 0.09 −0.32 − −0.07 −0.35 −0.09 −0.52 − − −0.47 −0.47 0.02 −0.41 −
9532030 − 0.43 0.26 0.03 0.09 −0.07 0.00 0.12 −0.11 − 0.13 0.09 0.23 0.23 0.05 0.14
9574235 − − −0.96 −1.12 − −1.10 −1.41 −1.22 −1.61 −1.89 − −1.30 −1.27 −1.23 −1.45 −
9705687 − − −0.14 − −0.16 −0.30 −0.28 −0.34 −0.35 − − −0.29 −0.27 −0.25 −0.35 −
10186608 − − 0.20 −0.06 −0.03 −0.04 − 0.15 −0.07 − − 0.02 0.00 0.20 0.05 −0.15
10323222 1.04 0.39 0.25 0.27 0.20 0.19 0.08 0.40 0.10 − − 0.15 0.05 0.40 0.19 −0.02
10403036 − − −0.21 − −0.40 −0.18 − −0.35 −0.52 − − −0.58 −0.59 −0.27 −0.49 −
10404994 0.15 0.11 0.10 −0.03 −0.02 −0.05 −0.03 0.06 −0.11 −0.21 − −0.01 −0.02 0.11 −0.04 −0.06
10426854 − − −0.27 −0.34 − −0.42 − −0.46 − − − −0.42 −0.37 −0.30 −0.42 −0.31
10649021 − − 0.40 − − −0.14 0.26 0.11 −0.26 − − −0.04 0.37 0.31 −0.03 −
10716853 0.16 0.08 0.03 −0.07 −0.09 −0.13 −0.07 −0.02 −0.18 0.20 −0.18 −0.09 −0.09 −0.04 −0.12 −0.01
11045542 − − −0.31 −0.49 −0.60 −0.40 −0.39 −0.27 −0.63 − − −0.53 −0.51 −0.25 −0.53 −0.70
11342694 − − 0.50 0.24 − 0.28 0.34 0.68 0.18 − − 0.34 0.36 1.01 0.40 −
11444313 − − 0.15 −0.08 − −0.06 −0.10 0.11 −0.14 − − −0.02 −0.02 0.18 −0.05 −0.12
11569659 − − −0.16 − − −0.22 −0.26 −0.20 −0.37 − − −0.27 −0.27 −0.18 −0.27 −
11657684 − − −0.03 −0.23 −0.09 −0.31 −0.19 −0.29 −0.39 − − −0.28 −0.09 −0.12 −0.25 0.17
11674677 −0.11 − 0.08 −0.17 −0.12 −0.20 −0.15 −0.14 −0.26 −0.35 −0.15 −0.18 −0.18 −0.13 −0.26 −0.16
12455203 0.00 0.02 0.08 0.10 0.02 0.00 0.10 0.09 −0.02 −0.05 − 0.05 0.04 0.12 −0.01 0.08
12884274 0.94 0.29 0.30 0.18 − 0.06 0.18 0.34 0.06 −0.01 − 0.17 0.17 0.37 0.22 0.07
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